
of photon r a t e ,  of t he  l imi ted  rcrcl . , i=g p w e r  cf w- imge de tec t ing  system, 

and of the  defec ts  of 9 t-oy-ideal .'cs",eetcr. hLrner:&l Frmples  arc given t o  

compare the  i d e a l  detector ,  t h e  pkGt3inLLL%i3liv 

photographic film. 

t e l e v i ? i o l  tcarnera tubes, and 

*Go A. Marton stEd d', E, R~;ed,,r, 1 ,R.E.  1358 i ' * . r . f ? r C T i F j  Proceedings, pp. 113-117. 
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generalized treatment of the subject than had previously been presented. 

It now appears possible  t o  propose an objective d e f i n i t i o n  of "threshold 

s e n s i b i l i t y "  and t o  relate it t o  signal-to-noise r a t i o .  

To develop t h i s  concept, we note that the  s e n s i b i l i t y  of radiant-energy 

detect ion is l imi ted  by (a) random var ia t ions  i n  t h e  radiant  flux from s i g n a l  

and non-signal sourcesj  (b) the  image resolut ion of the detector  surface 

o r  t h e  o p t i c a l  system, (c)  the sampling time available,  and (d) in te rna l ly-  

generated detector "noise. " 

The radiant  f l u x  has f luc tua t ions  due t o  the  s t a t i s t i c a l  d i s t r i b u t i o n  

of the  quantized radiat ion.  The image resolut ion of an o p t i c a l  system is  

l imited by the  wavelength of the radiat ion.  I n  photosensit ive surfaces, 

l i m i t a t i o n s  are @posed 'by the granularity,  tu rb id i ty ,  and thickness of 

the  deposited material$ i n  e lec t ronic  image-coxversion devices, addi t ional  

l i m i t a t i o n s  a r e  iaposed by abberrations of the  electronic-focusing mechanism. 

Detector noise appears as fog i n  a photographic f i lm or  as a randomly- 

f l u c t u a t i n g  e l e c t r i c a l  s i g n a l  from a photoelectric device. 

The sampling aperture pr inc ip le  w i l l  be applied t o  image-detecting 

systems i n  order t o  convert image resolut ion t o  an eqil imlent spec i f ic  de- 

t e c t o r  mea. By use of information thecry, a1?L equation w i l l  be developed 

that relates power-measurement s e n s i b i l i t y  2nd frequency response f o r  

var ious detect ing s y s t e m .  A s  i n  the method of Rose', enphasis w i l l  be 

- placed on the s t a t i s t i c a l  nature of photons, e lectrons,  and f i l m  grains.  

Some calculations.  of threshold s e n s i b i l i t y  w i l l  be presented f o r  i n t e r -  

. . comparison of various detectors .  
6 .  I 
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SENSlBILITy OF SIGHAL DETECTION 

I Information theory provides a way t o  relate the  s t a t i s t i c a l  f luc tua-  

t i o n s  of photons t o  detector  performance. ~ h t m o i 6   as s t a t ed  the  maximum 

possible rate of transmission of a continuons mveformthrough a communica- 

I t i o n  channel - the  channel capacity. "his rate can be expressed as the 

maximum number of bicary s igna l  iznits capzble of being transmitted per  un i t  

t i m e .  The channel input is an average s igna l  power P; t he  channel output 

is  P plus  an average Roise power No When t h e  channel capacity is  f u l l y  

u t i l i z e d  by the  signal,  'both P and X must approximate, i n  s t a t i s t i c a l  

propert ies ,  a w h i t e  rioise with Gaussian arnplitude distribu-Mcn within the 

frequency bandwidth D;r of t h e  channel6. The m a x i m m  number of bi ts  I&ax 

of information tht  can be transmitted i n  a time duration t, as t + a, is, 

E N + N y f  

I n  t h i s  equation t h e  quantity 2 W  represer;ts the  smallest number 

of t i m e  samples t h a t  can reproduce the coctinuous waveform on the t i m e  

axis. It i s  a l s o  a r e s u l t  of the wf:ll-k?orm sampling theorem which states 

t h a t ,  i n  t h e  time domain, a continuous waveform t seconfLs i n  durat ion and band- 

l imited i n  frequency t o  the  rang2 Af can be completely specifieil  by 2tL l f  ( 
c 
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sampling points  spaced 1/( 2 A f )  seconds apart  ( f o r  

t h e  equation 2tAf = t / A t ,  which introduces the  sampling period A t .  Thus, 

2tAf >> 1). This gives 

A t  = 1/(24f), ( 2 )  

I n  Eq.  (1) the number of b i t s  Bmax 

of  the number of avai lable  choices. The quant i ty  2tAf e x i s t s  i n  t h e  t i m e  

domain. 

may be considered as the logarithm 

The quant i ty  J[(P + N ) / N ]  e x i s t s  i n  t h e  power domain; it represents  

the  average number of d i s c r e t e  s igna l  levels  between P and P = 0 t h a t  can 

be i d e n t i f i e d  without e r r o r  i n  the presence of noise, for t >>At.  The 

average threshold Dower Pth 

t h e  average, one b i t  per  time sample ( i . e . ,  B m m / ( 2 W )  = 1). 

yie lds  

is  defined as the  s igna l  power t h a t  y ie lds ,  on 

Then Eq. (1) 

Pth = 3N. ( 3 )  

Corresponding t o  the rms s ignal  power 

(current-  or voltage-amplitude) . 
Pms i s  an rms s igna l  amplitude 

Corresponding t o  the  square root  of 

t h e  noise power N i s  a standard deviation of s igna l  amplitude, os. 

Then the threshold s i g n a l  amplitude i s  

Sth = @ OS.  (4 )  

This r e s u l t  i s  s u f f i c i e n t  f o r  the  subsequent analysis;  the  number of b i t s  

t ransmit ted i s  not required. 

Equation (4 )  gives the  smallest change of amplitude t h a t  can be detected ' 

i n  any s ignal ,  and hence cons t i tu tes  the sii,gnal-amrJitude s e n s i b i l i t y .  The f 

rel-ative - .- signal-amplitude s e n s i b i l i t y  Sth is  a dimensionless r a t i o  

a 

t h  = Sth/S = 4 as/S. ( 5 )  

A t  t h e  threshold of s igna l  detection, sth = 1. 
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The average threshold of s i g r d .  d.etectiors given by Eq. (4) is less than 

the  experimental values of 5oS reported b y  Rose' or 3c, reported by 

Schade f o r  t e l e v i s i a  iwgeso 

t o  2as reported f o r  the  eye by Semde", 

quant i t iek represent psychophysical. measure 9er.ts. 

8 It is  i n  3greernmt with a value of 1.6~~ 
R All of these previously published 

STATIST1 ZAL, ,FL5CTUATIBN 9F WIAT?X 

The performance of any raciiation a e t w t o r  has a l i m i t  s e t  by random 

f luc tua t ions  of the phaton r a t e  r%ltc?,iated from the s o a c e .  The photon r a t e  

Q is  the  r a t i o  of the phaton count m to the  5am?lir,g geriod At.  Thus, 

Q = m/At. A precise  average photax: r a t e  a am5 couch f;; are  the averages 

of Q and of m for a large number of 0-bservatfons. Thus, 

The measured r a t e  Q as dedzlced from a s m a l l  sample m has an e r r o r  
- - 

Q - Q -- (m - m)/& 

Neglecting a quantum-me2hnissl correction faetor295, t 5  time iEterva ls  

between successive photcns a re  random i n  t i m e  and haTre a Poksor.. probabi l i ty  

distribution, The stsnc?brl derZ3,tim of t h e  m d n t  m is 

due to random f l u c t w h i o n s  cf m from sample t o  sample. 

on = @?i (7) 

WitEn on2 period At  tke r m s  sigr.sl S of Eq. (5) w2i . l  be cqnsislered 

equal t o  t b o  a r i t k x e t i e  average photcn c o x t  m of Eq, (5), so that S = m . .  
- - 

80. H, Schade, Sr., J, Opt. So@. Am. 46, 721-729 (1956). 
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Then Eqs. (2), ( 5 ) ,  (6), and ( 7 )  combine t o  y i e l d  

S th  = -/(wn)e ( 8 )  

This i s  t h e  r e l a t i o n  between relative s e n s i b i l i t y ,  frequency bandwidth, and 

photon r a t e .  The photon r a t e  expressed as an average radiant  flux Ql at 

wavelength 1 i s  

(PA = (hc/X)Q (9) 

where h i s  P l m c k ' s  constant, c is  the  veloci ty  of l i g h t .  

A t  t h e  threshold of s igna l  detectfon where Sth = 1, Eqs. (2), (6), and 

(8) combine t o  y i e l d  m = 3. 

ta ined  i n  one sample of the threshold signal.  

Thus, three photons, on the  average, axe con- 

Equation (8) can be wr i t ten  i n  terms of irradiancy, surface area, and 

exposure t i m e ,  as 

'th - - J[ ( 3 h c ) / ( h y w J  (10) 

where HA i s  the average monochromatic irradiancy, \ /A,  over area A f o r  

a t i m e  A t .  

IMPERFECT DETECTOR 

A t  t h e  output of an imperfect detector  system, the  noise i s  a r e s u l t  

of the i r reducib le  photon f luc tua t ion  plus other  sources such as Johnson 

noise,  shot  noise, thermionic emission of a photosurface, or fog i n  photo- 

graphic f i lm.  

the  output i n  terms of e l e c t r i c  current or photographic density.  

then be converted t o  an equivalent input using appropriate amplifier-signal-  

gain and de tec tor -sens i t iv i ty  fac tors .  

per fec t  detector ,  i f  os 

weighted sum of the  squares of the  equivalent C Y ' S  of each source of noise.  

It may be convenient t o  ca lcu la te  r e l a t i v e  s e n s i b i l i t y  at 

This may 

Eq. (5) i s  applicable t o  t h e  im-  

there in  is  replaced by the square root  of the  

I n  studying the  process of image-formation, a sampling a rea  i n  t h e  

image-sensitive surface of a detector  must be considered; the  noise generated 
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by an imperfect detector  usually increases with t h i s  area. 

area enters  Eq. (5) i n d i r e c t l y  through a a-term f o r  the spec i f ic  detector .  

Thus, t h e  sampling 

The sampling area may a l so  be used t o  ca lcu la te  incident radiant  power 

when the  a rea  i l lumination i s  known. I n  image-scanning systems, t h e  output 

s igna l  frequency response i s  given by the r a t i o  of scanning veloci ty  t o  

diameter of the sampling area. The diameter of the  sampling area i s  deter-  

mined i n  the  next section. 

IMAGE SAMPLING AREA 

From the  standpoint of communication theory, an image plane can repre- 

sen t  a multichannel communication system. Each independent area i n  the 

image represents  one channel. If the  areas form a mosaic surface s t r u c t u r e ,  

as i n  the r e t i n a  of the  eye, each channel i s  s p a t i a l l y  defined by one mosaic 

c e l l .  If the image plane i s  s t ruc ture less ,  as i n  an o p t i c a l  image, t h e  

s p a t i a l  dimension of one c e l l  i s  not obvious. 

This problem e x i s t s  a l s o  with an unexposed photographic film. I ts  

surface has no obvious detector  element dimensions. What i s  needed i s  a 

c r i t e r i o n  for the  minimum size of adjacent, but  e f f e c t i v e l y  independent, 

areas on an image-sensitive surface. This c r i t e r i o n  can be given by an 

7 e f f e c t i v e  image resolut ion based on the "sampling aperture" pr inc ip le .  

The a rea  so  determined w i l l  be named the sampling area. 

Optical  image analysis by t h e  sampling aperture pr inc ip le  begins with 

t h e  f a c t  t h a t  the  image of a point  i s  i tself  imperfect; assuming, f o r  s i m -  

p l i c i t y ,  t h a t  c i r c u l a r  symmetry e x i s t s ,  a sampling aperture i s  obtained by 

replacing the  r e l a t i v e  r a d i a l  in tens i ty  d i s t r i b u t i o n  I(r)/Io of t h i s  im-  

p e r f e c t  image point  with an aperture t h a t  has a correspondingly d i s t r i b u t e d  
~~ 
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transmission function ~ ( r ) .  

image point .  

This i s  the aperture function f o r  an o p t i c a l  

An aperture function can also be obtained f o r  a detector  surface. If 

rad ia t ion  impinges upon one geometric point of the de tec tor  surface, the  

energy w i l l  be diffused over t h e  surface, with an at tenuat ion t h a t  increases 

with the distance from the point  of incidence. The r e s u l t i n g  d i s t r i b u t i o n  

of de tec tor  response may be considered as the aperture function of the 

de tec tor  surface. 

Some t y p i c a l  round-aperture functions T ( r )  are i l l u s t r a t e d  i n  column 

1 of Table I. The exponential aperture function exp(-r/ro) approximates 

t h a t  of photographic film. 

I n  order t o  evaluate the  qua l i ty  of image formation, the aperture func- 

t i o n  i s  assumed t o  t raverse  a p a r a l l e l - l i n e  t e s t  p a t t e r n  having a s inusoidal  

i n t e n s i t y  d i s t r i b u t i o n  with a p i tch  y.  The t ransmit ted f l u x  i s  sinusoidal. 

with a p i t c h  y, but  i t s  amplitude i s  a function of y. 

I n  order  t o  normalize t h e  mathematical re la t ions ,  we define f irst ,  a 

dimensionless variable y t h a t  i s  t h e  number of wavelengths contained i n  

a nominal aperture diameter 6 (column 2 of t a b l e  I), which i s  arbi-  

t r a r i l y  chosen as some convenient diameter representat ive of the aperture 

funct ion ~ ( r ) ;  and second, a dimensionless response variable F t h a t  i s  

t h e  r a t i o  of the  t ransmit ted peak-to-peak f l u x  at  absc issa  

t ransmit ted peak-to-peak f l u x  as y-' 0. Thus 

y t o  the 

y = 6/Y and F(Y) = @ ( Y ) / @ ( O ) *  (11) 

The aperture' response F i s  shown i n  Fig. l ( f rom Schade7). The con- 

d i t i o n  y >>1.0 corresponds t o  a uniformly-illuminated image. 

It i s  desired t o  compare image-forming systems with d i f fe ren t  aperture 

funct ions.  This may be accomplished by a r b i t r a r i l y  defining a "standard" 
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aperture funct ion zo(r)  with aperture diameter €j0, and then determining 

the  value of 60 t h a t  produces t h e  same value of ye as the  aperture  

function T (r) under consideration, where 7 

The standard aperture  function chosen w i l l  be t h e  one having a rec- 

i s  t h e  f u l l  width of t he  tangular  d i s t r i b u t i o n  (Table I) ,  for which 

rectangle  and y = 0.54. Then 

Bo 

e,O 

6o = 8ye,o/ye = 0.546/ye = 0 . 5 4 ~ ~ ~  (13 1 
2 Values of ye a re  l i s t e d  i n  Table I. The c i r c u l a r  area x60 / 4  is  the  de- 

s i r e d  sampling area on an image-sensitive de tec tor  surface.  

When the  r e l a t i o n  between F and ( l /y )  i s  given, as i n  published da ta  

on t e l ev i s ion  camera tubes,  the  value of 

from an equation l i k e  Eq. (12). 

ye(= 1.85S0) can be ca lcu la ted  

When the  "v isua l  l i m i t  of resolution" i s  given ( t h i s  i s  general ly  

accepted as the  value y2 o f  y where F = 0.02) ,  as i n  published da ta  

on photographic fi lm, the  value of 60 i s  

60 = YzYe,o(Yz/Ye) = 0.54~~ ( Y Z / Y ~ ) *  (14) 

Values of y2/ye are given i n  Table I. Table I1 l i s t s  measured values o f  

Eo f o r  photographic f i lm and te lev is ion  camera tubes.  A s m a l l  e r r o r  i s  

present  because t h e  o p t i c a l  tes t  pa t te rn  had an i n t e n s i t y  d i s t r i b u t i o n  of 

square waveform ra the r  than sinusoidal.  

SAMPU CALCULATION OF DETECTOR PERFORMANCE 

The threshold s e n s i b i l i t y  (minimum detectable  rad ian t  s igna l )  w i l l  be 

ca lcu la ted  i n  u n i t s  of rad ian t  power a t  4000 A, f o r  t he  i d e a l  detector ,  f o r  

a photomult ipl ier ,  and f o r  the  sampling a rea  of t e l ev i s ion  tubes and photo- 
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graphic film. Results are given i n  Fig. 2. 

Threshold s e n s i b i l i t y  i s  equal t o  the signal. S i n  Eq. (5) when 

1. Thus it i s  f irst  necessary t o  apply Eq. (5) t o  each de tec tor  by ‘th = 

s u b s t i t u t i n g  the appropriate terms f o r  S and us. The terms may have 

the  dimension of event r a t e  where the event i s  a photon, electron, or a 

developed photographic f i l m  grain.  Both S and us w i l l  have t h e  same 

frequency bandwidth. 

When the  threshold s e n s i b i l i t y  calculated with Sth = 1 i n  Eq. (5) 

has u n i t s  of photon r a t e ,  the corresponding rad ian t  power i s  obtained with 

Eq. (9 ) .  When the  s e n s i b i l i t y  units are e lec t ron  r a t e  or f i lm gra in  rate, 

t h e  rad ian t  power i s  obtained from a detector  s e n s i t i v i t y  graph. 

Limitations on s igna l  frequency response imposed by a detector  t i m e  

constant a r e  neglected. Performance gains produced by photomultiplier 

r e f r i g e r a t i o n  o r  by film pre-exposure are neglected. However, the  ex- 

pected performance gain over the r e s u l t s  of Fig. 2 i s  a f a c t o r  of two with 

f i l m  pre-exposure. For a photomultiplier re f r igera ted  with l i q u i d  n i t ro-  

gen, the  expected gains a re  four at 10,000 cps and 200 at 0.01 cps. 

Photomultipller 

I n  a photomultiplier the average s ignal  current  is at the  load 

r e s i s t o r  i s  is = e G q Qs, where e is  t h e  eiectronic  charge, G i s  

photomultiplier gain, q 

- 

i s  photosurface eff ic iency ( i . e . ,  e lectrons per  

incident  photon). 

The m e a n  square noise current i: at t h e  load r e s i s t o r  is  the  re- 

s u l t a n t  of  th ree  currents  : 

- 
where i is  due t o  t h e  photon f luctuat ion of the  incident rad ia t ion  Q, 

i s  due t o  the photosurface thermionic emission cur ren t ,  it, an:! i and i 

n,P 
I 

n , t  p,j ~ 
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i s  due to the Johnson no i se  vc l t a&es  ,enerated by 51-e l o a d  r?sist,cr -L and 

by an equivalent res is tance RE -“hat r eprpsents > r ~ ~ q L i . f i e r  no i se .  
I 

If ?jb i s  a non-signal background photon rate, k i s  t h e  Boltzmann 

constant,  TL i s  the  temperature of RL and TE i s  the temperature of 

RE then 

The frequency response is  l imi ted  by the  t o t a l  shunting capacitance C 

-1 
at  the  load r e s i s t o r .  Hence RL can be replaced by (4CAf‘) . Subst i tu-  

t i o n  i n  Eq.  (5) of t he  above equations and s e t t i n g  

y i e lds  

2 S = is and os2 = in , 

+ [8kCT$f/(G2e2~) ][1 + ( ~ T # E C N / T L ) ]  

The threshold s e n s i b i l i t y ,  shown i n  Fig.  2, has been ca lcu la ted  f o r  

7 = 0.13, i - t -  

C = 10-l’ farad,  RE = 100 ohms. 

amp (type 931-A) ,  = 0, G = lo6,  TL = TE = 300 K, 

Television Camera Tubes 

The performance of one sampling area within a standard s i z e  ras ter’ is  

t o  be found. I n  order  t o  i s o l a t e  t he  sampling area f o r  analysis ,  t he  out- 

pu t  of t h e  camera tube amplif ier  i s  gated t o  t ransmit  only during t h e  time 

of sampling by t h e  tube’s  scanning beam. The performance i s  obtained from 

t h e  s i g n a l  and noise found at the camera-tube load r e s i s t o r  during t h i s  

sampling time. 
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I n  prac t ice  the  sampling repe t i t ion  r a t e  may be l imited by tube design 

t o  the standard frame rate of 30 per  second. This l i m i t a t i o n  w i l l  be ne- 

glected.  

L e t  a be the  r a t i o  of the  r a s t e r  area t o  the sampling area.  This 

i s  a l so  the  r a t i o  of sampling period A t  (duration of one frame) t o  t h e  

duration of a sample E t  (duration of scanning beam sweep over sampling 

a r e a ) .  

tube t a r g e t .  Then, during the  much shorter  t i m e  E t ,  the  t a r g e t  charge 

i s  removed as a pulse by the tube scanning beam. The average pulse cur- 

r e n t  i s  a times g r e a t e r  than the  average photocathode current taken over 

a time A t .  This pulse-type of waveform requires  a frequency bandwidth of 

a Af at  t h e  loca t ion  of the load r e s i s t o r  and i n  the amplifier,  where Af 

i s  one-half the  frame r a t e .  The noise current  f o r  t h e  gated amplif ier  i s  

i 

During the time At-, the  photocathode current  accumulates i n  t h e  

-112 
where i i s  given by Eq. (16c). 

n, ja n, j 

The image orthicon has the  same signal  and noise terms as the  photo- 

m u l t i p l i e r  except t h a t  Gs, Gb, it, and Af are mult ipl ied by a, and 

i i s  divided by a. The current it includes both t h e  thermionic 

current  and an equivalent current corresponding t o  t h a t  required t o  pro- 

duce t h e  scanning-beam noise. The equation for Sth i s  the same as Eq. 

(17)  f o r  the  photomultiplier except t h a t  

[ (l/a> + ( ~T#ECA~/TL I - 

n , j  

a appears i n  the term 

The threshold s e n s i b i l i t y ,  shown i n  Fig. 2, has been calculated f o r  

q = 0.051, it = 7.9~10-l~ amp f o r  the  sampling t h e  type 5820 tube, with 

area,  a = 4.0XL05 using Eo of Table 11, 

a gain of  3 due t o  secondary emission from the t a r g e t ) ,  C = 2x16’’ farad, 

= 0, G =1500 (which includes 

TL = TE = 300 K, RE = 100 ohms. 
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9 The Vidicon output noise i s  s t a t ed  t o  be t h a t  of a temperature-limited 

diode with a p l a t e  current  equal t o  t ha t  of t he  s igna l  e lectrode cur ren t  of 

t he  Vidicon. The Vidicon can be assigned the  same s igna l  and noise terms 

as t h e  photomultiplier except t h a t  q,, &,, it, and Af a re  mul t ip l ied  by 

a, i i s  divided by a, and 7 i s  replaced by a corresponding elec-  

t r o n  rate, i/e. The cur ren t  it now represents an equivalent cur ren t  cor- 

n, J 

responding t o  t h a t  required t o  cause the dark-current noise at  t h e  s i g n a l  

e lectrode;  it 

t i o n  f o r  Sth 

a appears i n  the  term [ (l/a) + ( ~ T E R E C A ~ / T L )  3 ,  i s  replaced by i / e ,  

and G 

w i l l  be considered equal t o  t h e  dark cur ren t .  

i s  the  same as Eq. ( 1 7 )  f o r  t h e  photomultiplier,  except t h a t  

Then the  equa- 

i s  set equal t o  uni ty  because no photomultiplication i s  provided. 

The threshold current  s e n s i b i l i t y  i s  ca lcu la ted  f o r  t h e  type 7038 

5 tube with it = 10-l' amp dark current  of t he  sampling area, a = 2XLO 

using 6o of Table 11, Gb = 0 ,  C = farad, TL 3 TE = 300 K, RE = 

100 ohms. The s e n s i b i l i t y  i n  w a t t s ,  shown i n  Fig. 2, i s  obtained using 

t h e  tube handbook data giving anrperes per lumen f o r  t he  whole raster area, 

and a s e n s i t i v i t y  f a c t o r  of  0.0016 watts/lumen. 

Photographic Film 

The performance of one sampling mea  on T r i - X  film w i l l  be found. 

The average f i lm  densi ty  5 is  given f o r  a uniformiy exposed f i l m  
10 

'W. L. Hurford and R .  J. Marian, R .  C .  A. Review 24, XIV,  372, Sept. 

1954. 

''5. H. Webb, J. Opt. SOC. Am. 45, 379-388 (1955). 
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where a i s  the area of an average-size gra in ,  z i s  the  average number of 

exposed gra ins  i n  area xa0 /4. The f0rmuI-a i s  most accurate at  low values 

of densi ty .  

2 

I n  the sampling a rea  on film the  s igna l  r ad ia t ion  produces an average 
- - 

number of grains  zs; the  s igna l  i s  S = zs. 

I n  a uniformly exposed f i lm t h e  developed grains  a re  d i s t r ibu ted  at  

11 random, as shown by autocorrelat ion measurements of microphotometer records.  

Then f o r  low dens i t i e s ,  where Eq. (18) holds, the  number of grains  i n  any 

sample area may be considered t o  have a Poisson probabi l i ty  d i s t r ibu t ion .  

The mean square gra in  number f luc tua t ion  i s  

- - 
where 

i s  t h e  average gra in  number produced by a non-signal background rad ia t ion .  

zf is t h e  average gra in  number giving fog i n  unexposed film; zb 

Subs t i tu t ion  f o r  S and cr i n  Eq. (5) and conversion t o  densi ty  

with Eq. (18) y ie lds  

The average g ra in  area a can be calculated from microdensitometer 

d a t a  and Eq. ( 2 2 ) .  To determine a, we note that ,  i n  Eq. (18) ,  densi ty  

i s  proport ional  t o  the  number of grains so t h a t  

OD 'z 
D z  

- = -  

where a,, i s  the  standard deviat ion o f  densi ty .  Eqs. (18), (19) ,  and 

(21) t hen  y i e l d  

- 
''a. 3. Zweig, 'J. Opt. Soc. Am. 46, 805-820 (1956). 
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Grain area a can therefore  be calculated from experimentally measured 

values of  OD and (6, + Ef + %), where eo i s  the  diameter of a round 

scanning aperture  of t he  microdensitometer. Typical values f o r  a using 

d a t a  of R e f .  

g ra in  Pan Duplicating Negative, 0.44 micron . 
2 are: Tri-X,  24 micron ; Super XX, 4.0 micron2; Fine- 

2 

The threshold s e n s i b i l i t y  i n  units of densi ty  i s  ca lcu la ted  w i t h  

Bo = 0.032 cm based on the  l i m i t  of resolut ion given i n  Table 11, 

a = 24 micron , % = 0, 5, = 0.10. 

Ds = 0.046. 

D, +nf = 0.146 shows an exposure E, = 7 . 2 ~ 1 0 - ~ 0  watt-sec/cm2 at  

4000 A.  

talned,' i n  terms of exposure and. frequency response, by use of Eq. ( 2 ) )  

2 -  

The film sensitometric curve at a t o t a l  film densi ty  

The r e su l t i ng  s igna l  dens i ty  i s  
- 
- - 

The corresponding s igna l  - flu within the  sampling area is  ob- 

The s e n s i b i l i t y  shown i n  Fig.  2 for  Tr i -X film has been calculated 

with Eq.  ( 2 3 )  and t h e  above v d u e s  of 6o and Es. 

L. A. Jones and G. C. Higgins, J. Opt. SOC. Am. 36, 203-227 
12 

(1946). 
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. _ _  11. - Sampling Area Diame-ber 
- . __I__ - _-I_ ~ _ _  

. --- - - - .  - ~ 

L i m i t  of resolut ion,  60’ cm 
30:l  contrast  l i n e  t a rge t ,  

optimum exposure 
-1 

1 / Y p  cm 

Panatomic X 1000 0.0021 

Super XX 900 ,0023 

Image Orthicon 
type 5820 0.0099 0.0050 

Vidicon 
type 63264  ,0056 .0028 

I---- 
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Figure Captions 

F-3. 1. - Roun--aper-ure response t o  p a r d l e l - , a r  sine-wave tes t  pa t t e rn .  

Fig. 2. - Comparative threshold s e n s i b i l i t y  for a sampling area a t  4000 A. 

Table I. - Round-aperture parameters. 



TABLE I 

APERTURE FUNCTION 

ABERRATION-FREE 
OPTICAL POINT IMAGE 

[‘;“I‘ 
2 r r (N.A.) 

x 

I RECTANGULAR 

6 

1.22 x 
N.A. 

‘0 

‘0 

Ye 

0.61 

.62 

.54 

5 .0  

4. I 

2.2 
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